Surface-initiated atom transfer radical polymerization (SI-ATRP) was used to graft poly(Nisopropylacrylamide) (PNIPAM) brush layers with a controllable thickness in the 10-nm range from silicon substrates. The rate of polymerization of N-isopropylacrylamide was tuned by the [Cu(II)] 0 /[Cu(I)] 0 ratio between the deactivating and activating species. The polymer layer thickness was characterized by atomic force microscopy (AFM) and ellipsometry. PNIPAM layers with a dry thickness between 5.5 and 16 nm were obtained. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) confirmed that the chemical structure is PNIPAM brushes. Analysis of the AFM data showed that our procedure leads to polymer grafts in the "mushroom-to-brush" transition regime. The preparation of relatively smooth and homogeneous polymer brush layers by surface-initiated atom transfer radical polymerization (SI-ATRP) is known to be well controlled. 20 SI-ATRP is a versatile method to tune the layer thickness with a narrow distribution in molar mass of the grafted chains. 5, [21] [22] [23] [24] [25] [26] [27] [28] However, grafting thin PNIPAM brushes from a surface is challenging due to the fast polymerization rate of NIPAM in aqueous media. 29 Reproducible procedures for obtaining brush layers of PNIPAM with thicknesses in the sub-10-nm range (hereinafter ultrathin brush layers) in the dry state are sparse for dense ATRP-initiator concentrations on the surface.
Surface-initiated atom transfer radical polymerization (SI-ATRP) was used to graft poly(Nisopropylacrylamide) (PNIPAM) brush layers with a controllable thickness in the 10-nm range from silicon substrates. The rate of polymerization of N-isopropylacrylamide was tuned by the [Cu(II)] 0 /[Cu(I)] 0 ratio between the deactivating and activating species. The polymer layer thickness was characterized by atomic force microscopy (AFM) and ellipsometry. PNIPAM layers with a dry thickness between 5.5 and 16 nm were obtained. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) confirmed that the chemical structure is PNIPAM brushes. Analysis of the AFM data showed that our procedure leads to polymer grafts in the "mushroom-to-brush" transition regime. This crowding dominates the structure, and thus the properties of the grafted layer if the attachment distance between neighboring chains substantially reaches the unperturbed chain diameter in good solvents. 1 Polymer brushes have found use in a broad range of applications, [2] [3] [4] [5] [6] [7] such as altering the wetting behavior of surfaces, 8 forming ion transport barriers, 9,10 fabricating protein microarrays, 11 in antibody immobilization, 12 in tissue engineering, 13 and for manipulating nanoparticles. 14 Our interest is to covalently attach quantum dot nanocrystals to the ends of polymer brushes, to control the position of such emitters in the 10-nm range so as to control their spontaneous emission and energy transfer rates. [15] [16] [17] Because silicon yields powerful nanophotonic structures, even planar, we choose it as a substrate. Because position tunability is a desirable feature, we choose poly(N-isopropyl-acrylamide) (PNIPAM) because it is a stimulusresponsive polymer material 6 that allows to tune its thickness by swelling in a suitable solvent or by temperature. 18, 19 The preparation of relatively smooth and homogeneous polymer brush layers by surface-initiated atom transfer radical polymerization (SI-ATRP) is known to be well controlled. 20 SI-ATRP is a versatile method to tune the layer thickness with a narrow distribution in molar mass of the grafted chains. 5, [21] [22] [23] [24] [25] [26] [27] [28] However, grafting thin PNIPAM brushes from a surface is challenging due to the fast polymerization rate of NIPAM in aqueous media. 29 Reproducible procedures for obtaining brush layers of PNIPAM with thicknesses in the sub-10-nm range (hereinafter ultrathin brush layers) in the dry state are sparse for dense ATRP-initiator concentrations on the surface.
One possibility to achieve a better control is provided by slowing down the polymerization rates. The rate of ATRP essentially depends on the rate constant of propagation of the polymerization, on the concentrations of the monomer and the growing radicals. In ATRP, the radical concentration depends on the equilibrium constant of the reac- 39 Pomorska et al showed that the layer thickness can be influenced by the solvent composition between water and methanol. 40 However, a precise control over the layer thickness in the 10-nm range was not provided.
Here, we present the fabrication of ultrathin PNIPAM layers with 
| Ellipsometry
The dry thickness of a surface-grafted PNIPAM film was determined by a variable-angle spectroscopic ellipsometer (VASE ellipsometer base model, LOT Oriel GmbH, Darmstadt, Germany) at 3 different angles of incidence (65°, 70°, and 75°) at room temperature. Products, Inc.) to the end of the cantilever and photocured using high intensity UV lamp (Hamamatsu LC8, type 02A) for 3 minutes in air. The quality of the colloidal probes was carefully checked by optical and scanning electron microscopy imaging. The contact mode imaging with colloidal probes was conducted in water, which was injected via a syringe to the liquid cell; the system was alone to attain equilibrium for 20 minutes. The cantilever spring constant was determined in water by the thermal tuning method. 43, 44 The imaging was performed at a scan rate of 0.3 Hz with a load force of 1.6 nN, which corresponds to the lowest possible force value that still allowed us to obtain stable images with a clear step height profile in the brush.
All images, either for tapping or contact mode, were collected at a temperature of 21°C. The temperature was strictly controlled; fluctuations were smaller than 0.2°C. Image processing and data analysis were conducted with the NanoScope (ver. 8.15) and the NanoScope Analysis software (ver. 1.7), respectively. To quantify the average height variation, a step height analysis was performed. Table 1 presents the dry thickness for each substrate measured by ellipsometry. Because our procedure leads to ultrathin brush layers, ellipsometry reaches its limits to obtain a reliable value for the layer thickness. 45 To confirm the 
| Chemical composition
The chemical composition of the polymer films was investigated by ToF-SIMS, which is a surface-sensitive method to characterize thin films, where the small primary ion beam removes a thin layer of the surface. 46 Several articles reported the use of ToF-SIMS to characterize thin films. [47] [48] [49] The analysis of the chemical composition via ToF-SIMS was performed as the method can provide information on the molecular structure of a thin film in a very sensitive manner. The polymer layers were directly measured at the substrate to which they are anchored.
In addition, ToF-SIMS offers the possibility to obtain an intensity "map" for different fragments. We use the term map to define an area scan on the substrate to verify the compositional homogeneity. With the help of the intensity map, it is possible to assess whether the fragments are formed homogeneously across the whole scan area; some representative examples are shown in the supplementary information (SI: Figures S6-S9 ). These data show that the layers were homogeneous across the substrate.
From the ToF-SIMS measurements, the positively charged fragments formed in the surface ionization process were analyzed. The measured counts per fragment as a function of mass are shown in Figure 2A . To clarify the important mass peaks, we added the corresponding masses of the fragments to the plot. We observed 6 main fragment masses besides lower intensity counts for impurities, or for other fragments formed during the measurement. Starting from the lowest fragment mass, distinct peaks were observed at m/z = 27, 43, 55, 58, 72, and 114. Because similar mass patterns have been reported in the literature for PNIPAM, we used these results as a starting point to obtain peak assignment for PNIPAM grafts studied here. [50] [51] [52] [53] [54] We propose the assignment of the corresponding chemical structures of these most important fragments in Figure 2B . ratios we used to graft PNIPAM from the surface, we can unambiguously identify the films to be PNIPAM.
| Brush characterization with AFM
To demonstrate that our procedure leads to relatively homogeneous sub-10-nm layers, we used AFM tapping mode to study the thickness of the functionalized substrates. The grafted films were scratched by a teflon-coated tweezer to remove the polymer from the substrate and allow for direct thickness and roughness determination by surface imaging. Brush thickness values were measured for dry (this section) and wet (see Grafting density section) grafted films.
In Figure 3A , an AFM height image of one of the thinnest sample is shown. The left side of the image represents the scratched area (dark color), whereas the right side-the surface of the brush film (bright color). The phase images (not shown) confirmed a successful material removal from the silicon wafer (high contrasted bi-phase).
A representative cross section of the scratched sample is presented in Figure 3B . The lowest point addresses the bare silicon wafer; some profile variation is visible due to the residual polymer content.
The highest point in the plot addresses the brush surface; a characteristic pile-up (peak profile) is also visible as a result of material plowing.
By measuring the step height, the polymer brush thickness was determined. Several samples have been analyzed, and random positioned cross section has been performed to determine the thickness of the dry film; the distribution is plotted as histogram in Figure 3C . The data were fitted with a Gaussian distribution. The polymer layer thickness d varied between 5.3 and 6 nm with a mean of 5.5 nm ± 0.3 nm.
Additionally, we analyzed the root mean square roughness R q for the polymer brush surface by scanning areas of different sizes (see Figure 4 ). We observe a very small increase of R q for the polymer brush layer compared with the bare silicon substrate. A slightly increasing trend can be observed by comparing the polymer brush layers with a silicon substrate, while the brush surface shows a "slowing down" of the roughness increase with increasing scan size. We assume that the roughness for a dried polymer film is higher than for a bare silicon substrate due to a statistical variation of monomer attachment to the surface, and due to the random conformation of the grafted polymer molecules. The underlying ATRP initiator has a slight impact on the roughness as well. Additionally, the kinetics of the drying process may also result in lateral heterogeneities that can contribute to surface roughness.
| Grafting density
For a structural characterization of a polymer brush, the grafting density and the chain length are essential. For a direct chain length analysis, the polymer brush should be cleaved from the silicon substrate, eg, by using acid hydrolysis. 55 The small amount of material can then be analyzed by GPC or by another direct molar mass analysis method ex situ. However, it is rather difficult to determine the grafting density for thin polymer layers grafted from the surfaces by conducting such a direct analysis, due to the fact that the amount of polymer chains is very small. Therefore, we estimate the grafting density of PNIPAM brushes from the swelling ratio between the dry and the swollen states, respectively. 56 In a previous study, the force effect on a PNIPAM layer thickness was shown by performing force-volume measurements recorded in situ at several temperatures in the range 30 to
36°C
. 57 This required a precise thickness determination of the grafted layers. We note that the thickness obtained by AFM may strongly depend on the operating conditions, eg, set point and limited contact area (sharp nano-sized AFM tip), due to chain compression effects.
Hence, we chose the contact mode imaging with a soft cantilever employed with a micro-sized colloid to minimize those drawbacks.
In Figure 5 , we plot the wet thickness of a swollen polymer layer against the x distance. The black curves represent 8 cross sections along the scan area. We observed, similar to AFM measurements in the dry state, an inhomogeneous scratching of the polymer layer. From the swelling experiments in water, we observed a highly stretched behavior of our PNIPAM chains compared with the thickness in dry state. The swollen polymer thickness was averaged for a scan size of 3 μm. The polymer layer thickness becomes significantly higher after adding the solvent (water) to the polymer films. We present 2 polymer substrates in the wet state, and we show the averaged wet thickness measured for 3 different spots per sample in Table 2 .
The grafting density was found to be between 0.11 and 0.19 chains per nm 2 using the relation 56 h wet =h dry ¼ 1:03=σ
where h wet is the wet thickness, h dry the dry thickness, and σ the grafting density. Independently of the first estimation of the grafting density, we calculated the grafting density based on the dry thickness via a different route. 58, 59 For a dry layer thickness of 6.3 nm and a molar mass of 8200 g/mol, we calculated a grafting density of 0.51 chains/nm 2 (0.36 chains/nm 2 for a dry thickness of 9.5 nm, respectively). This confirms the estimation of the grafting density. The reduced tethered grafting density Σ is defined as
where R g is the radius of gyration, with R g = 0.17 N 3/5 , 1, 60 with N the total number of monomers in a polymer brush chain. The density Σ is used to judge whether the grafted polymer layer indeed fulfills the brush-like character of the grafted polymer film. Because sparse high molar mass chains can also yield thin dry PNIPAM films, it is crucial to determine the grafting density. In general, 3 regimes exist for polymer grafts. Firstly, the "mushroom" or weakly interacting regime (Σ < 1), secondly the "mushroom-to-brush" regime (1 < Σ < 5), and thirdly the brush regime (Σ > 5). The "true brush" regime can be defined at significantly high stretching of the polymer chains that is typically Σ > 5. We observed Σ between 3 and 4.3 chains per area that a free non-overlapping polymer chain would occupy under the same temperature and solvent conditions. From this calculation, we conclude that our procedures lead to chains in the "mushroom-to-brush" transition regime. Finally, we note that for shorter reaction times of our procedure, the thickness at a given [Cu(II)] 0 /[Cu(I)] 0 ratio would decrease.
However, in this case, one would further shift the molar mass towards the mushroom regime.
FIGURE 5
Cross-section profiles of a wet PNIPAM brush layer on a silicon substrate measured in contact mode AFM in water using a colloidal probe cantilever with 5-μm PS bead. The wet thickness in nm is plotted against the X distance in μm. The sample was scratched to measure the step height from silicon to the swollen polymer film. Curves represent 8 cross sections taken along the scan area 
